observed a seed transmission rate of 1.6% in Cucurbita pepo ssp texana, and show that 7 seed infected C. pepo plants are capable of initiating horizontal ZYMV infections, both 8 mechanically, and via an aphid vector (Myzus persicae). We also provide evidence that 9 ZYMV-infected seeds may act as effective viral reservoirs, partially accounting for the 10 current geographic distribution of ZYMV. Finally, the observation that ZYMV infection of 11 C. pepo seeds results in virtually symptomless infection, coupled with our finding that an 12 antibody test failed to detect vertically transmitted ZYMV in infected seed highlights the 13 urgent need to standardize current detection methods for seed infection.
INTRODUCTION 15 16
Since the discovery of Zucchini yellow mosaic virus (ZYMV) in Italy in 1973, and its 17 subsequent description in 1981 (14) , this emerging RNA virus has spread rapidly and 18 achieved an effectively global distribution (5) . Although a number of explanations have 19 been put forward to account for the widespread geographic distribution and persistence 20 of this virus, including the international trading of infected fruit, plants or seeds, as well 21 as overwintering in alternative hosts and non-colonizer aphids, the mechanisms 22 underlying the rapid dissemination and persistence of ZYMV remain unclear (13) . ZYMV 23 is a single-stranded positive-sense RNA virus of the family Potyviridae that can result in 24 yellowing and stunting of the plant, as well as severe leaf and fruit deformities that can 25 reduce yields up to 94% (1) . Given that curcurbit (squash, melon and cucumber) 26 production in the United States alone is estimated to be worth approximately $1.5 billion 27 per year (2) , the economic significance of this crop pathogen is enormous. 28
Understanding the epidemiology and evolution of ZYMV is therefore central to 29 controlling this devastating crop disease. 30 31 Viral transmission generally occurs in one of two ways; horizontally which is the 32 transmission of the virus between unrelated hosts, or vertically which is the transmission 33 of the virus from parent to offspring. ZYMV is horizontally transmitted in a non-persistent 34 manner by at least 26 aphid species (12) . Transmission occurs as a result of an 35 interaction between the stylet of the aphid, the helper component protein (HC-Pro), and 36 the conserved DAG (Asp-Ala-Gly) region of the coat protein (CP) (18) . However, the 37 been suggested that the long distance spread of ZYMV may be the result of vertical 41 transmission via infected seeds rather than horizontal transmission by aphids 42 (4, 5, 7, 13, 22, 24) . Whether or not seed transmission of ZYMV occurs remains 43
controversial. This controversy is due in part to the fact that the reported rates of seed 44 transmission in cucurbits range from 0 to 18.9% (4, 5, 7, 9, 13, 16, 19, 20, 22, 24) . Accurately 45 determining the rate of seed transmission of ZYMV is of fundamental importance for 46 understanding the epidemiology of this major plant pathogenic virus and for developing 47 and implementing strategies to control it 48
49
Some of the reported variation in the estimates of seed transmission rates in ZYMV 50 undoubtedly results from differences in detection methods. For instance, using an 51 Simmons, Plant Disease 5 var. styriaca (naked seed pumpkin mutant) using a combination of both DAS-ELISA and 61 (9) , and that ZYMV transmission 65 through seeds is probably of no epidemiological importance (16) . The seeds were extracted in 4% hydrochloric acid and washed in a 10% bleach solution 97 to ensure that any viral infection that occurred was not simply the result of virus on the 98 seed coat, but rather the result of embryonic infection. The seeds were then germinated 99 in flats in a greenhouse. At the third true leaf stage ZYMV infection was determined 100 visually and if no symptoms were present the seedling was discarded. Based on visual 101
RT-PCR (19
symptoms showing only slight leaf deformations, two out of 3195 plants had ZYMV, 102 which was verified by RNA extraction, RT-PCR, sequencing and cloning. In fact, the 103 symptoms were so mild that they could have been easily overlooked or considered to 104 be normal in appearance. We subsequently pooled an additional 281 symptomless 105 seedlings in groups of ten for a total of 29 groups, 28 with ten seedlings apiece, and as 106 Step 4. 72°C for 40 sec, Step 5.cycle to step 2 for 2 cycles, Step 6. 98°C for 10 sec, 135
Step 7. 62°C for 20 sec, Step 8. 72°C for 40 sec Step 9. cycle to step 6 for 31 cycles) 136 Simmons, Plant Disease 9 reverse primers were used for clone sequencing. All sequences generated have been 153 submitted to GenBank and assigned accession numbers (HQ543133 -HQ543139). 154
155

Mechanical inoculation 156
To determine if mechanical transmission can occur from seed-infected plants, we grew 157 six healthy seedlings (non-infection determined via RT-PCR), which we mechanically 158 inoculated with ZYMV-infected tissue from three vertically infected plants. Each infected 159 plant was used to inoculate two healthy seedlings apiece. A ~3cm 2 piece of infected leaf 160 tissue was ground in liquid nitrogen prior to being diluted in a phosphate buffer (0.1 M 161 Na 2 H/KH 2 PO 4 buffer) in a 1:3 ratio. Carborundum powder was dusted on the surface of 162 the leaf, and the inoculum was then applied with a pestle to the leaf surface. 163
164
Horizontal transmission from vertically infected plants 165
We used Myzus persicae to determine if an aphid vector could transmit the virus from a 166 vertically infected plant to healthy seedlings. As a positive control, we assayed a 167 mechanically inoculated infected plant that displayed severe ZYMV symptoms. A leaf 168 was cut into seven portions and ~ 25 aphids per were allowed to feed on six of these in 169 the dark for 30 minutes, the seventh served as a negative control. The leaf portions 170 were then each placed on non-infected seedlings (non-infection was checked by RT-171 PCR) at the first true leaf stage and these plants were left overnight. The following day 172 the plants were sprayed with Endeavor® (pymetrozine) (Syngenta, Guelph, ON) diluted 173 per the manufacturers protocol (0.34g/liter) and applied at a rate of 1 liter per 46.5 174 square meters to kill the aphid populations, and the seedlings were left in the spray 175 chamber overnight before being returned to an aphid free greenhouse. After 176 approximately three weeks a leaf sample was collected from each seedling, and 177 infection determined by RT-PCR. The same procedure as described above was then 178 used to test if horizontal transmission could occur from seven seed infected plants using 179 ten to 60 aphids per leaf portion. Each plant was used to infect six healthy seedlings, 180 (non-infection was checked by RT-PCR) with an additional healthy plant serving as a 181 control for a total of 42 seedlings. 182
183
Results
185
ImmunoStrips® testing 186
The two seed infected plants that tested positive for ZYMV via RT-PCR tested negative 187 using an antibody test (ImmunoStrips® from Agdia). In contrast, the mechanically 188 inoculated positive control plant tested positive using the same test. distribution we estimated the probability that an individual seedling would test positive to 195 be 1.66%, while under a Poisson distribution we estimated the same probability to be 196 1.67%. Thus we believe that our estimate of a seed transmission rate of 1.6% 197 accurately reflects the data. 
Genetic diversity of ZYMV 213
We generated a total of 71 coat protein (CP) clones from two vertically transmitted 214 plants. Within this sample we found a total of seven mutations, three from one plant 215 (designated seed-2 (S2)) and four from the other (S1). Five of the mutations were 216 singletons (i.e. only observed once in the alignment), and the other was observed in two 217 clones from the same plant (S1). Four mutations were synonymous and three were non-218 synonymous. A minimum spanning tree, displaying the mutations observed, how they 219 differed from the consensus, as well as a marked absence of phylogenetic structure (i.e. 220 all mutations are one step away from the consensus), was estimated using the 221 statistical parsimony approach available in the TCS 1.21 program (3) (Fig. 1) . 222
223
It is theoretically possible that the sequences we obtained could be the result of 224 escaped CP transgenes from deregulated transgenic squash rather than due to seed 225 infections (Hervé Lecoq, pers. comm.). However, after cloning and sequencing two of 226 the ZYMV samples we found that all 71 clone sequences contained 22 amino acids 227 from the protein immediately preceding the CP (the nuclear inclusion b). As the 228 transgene consists of the CP alone, sequencing a portion of the nuclear inclusion b 229 precludes the possibility that the obtained sequences were derived from an escaped 230 transgene. 231
232
Discussion 233
We observed a seed transmission rate of 1.6% for ZYMV in C. pepo ssp. texana, as 234 well as evidence that vertically infected plants can act as reservoirs for horizontal 235 transmission. This rate is theoretically high enough for infected seeds to constitute a 236 viable route by which ZYMV epidemics are initiated and hence may be partially 237 responsible for the current geographic distribution of this devastating crop pathogen. 238
Indeed, trace seed infection (0.001) in lettuce mosaic potyvirus has been shown to be 239 sufficient to affect lettuce production due to the subsequent spread of the virus by 240 aphids (11). We therefore believe it is plausible that a seed transmission rate of 1.6% 241 may be able to initiate yearly epidemics. Also of note is that the DAG motif, which is 242 known to be involved in aphid transmission (8) Simmons, Plant Disease 14 there are few if any alternative hosts of ZYMV (19) . In addition, Schrijnwerkers et al. 268 (22) found that seed transmission rates tend to vary depending upon the age at which 269 the plant becomes infected with ZYMV, with plants infected at an earlier growth stage 270 producing more infected seed. Thus, reservoirs of ZYMV may not remain constant over 271 time, which would explain the observation that ZYMV epidemics often skip years 272 (10, 13, 15, 21) . 273
274
That the ImmunoStrips® tested negative while we were able to detect ZYMV via RT-275 PCR may help to explain the conflicting vertical transmission rates found in the 276 literature. Given that the immunostrip® is polyclonal, it is unlikely that the negative result 277 is due to strain differences. As we only detected a small number of mutations in the 278 clones, it is possible that the inability of the ImmunoStrips® to detect ZYMV may be the 279 The number of clones with a particular mutation is one unless otherwise noted within the oval. S1 and S2 designate seed samples one and two and the next two digits the clone number.
